This article is concerned with our recent achievement in developing synthetic chromogenic receptors for optical active amines and amino acid derivatives. Pre-organized (S)-1,1'-bi-2-naphthyl-and bis(indophenol)-derived calix[4]crown 1a shows naked-eye detectable chiral recognition between those enantiomers. The spectroscopic properties are reported, as well as an estimation of the enantioselectivity using an HPLC equipped with a chiral packing column.
The chiral nature of drug molecules is essentially required after the synthesis and during in vivo and in vitro studies, owing to the fact that physiological effect of the enantiomers may significantly differ; 1 in this context, a tragic lesson is thalidomide 2 , where one enantiomer acts as a sedative, whereas the other leads to serious fetal abnormalities. Thus, a determination of the enantiometric purity has become one of most important stages in pharmaceutics. Several methods have been developed for the determination of the enantiometric purity by using the specific rotation 3 , circular dichroism 4 , and separation techniques, including liquid and gas chromatography. 5 Furthermore, capillary electrophoresis has recently been developed for a new methodology in which charged cyclodextrin derivatives are utilized as chiral selectors. 6 An alternative approach using molecular sensor having an ability for visual discrimination between the enantiomers of chiral guest species has attracted considerable attention, because a convenient method to monitor the chirality of the molecules would be most welcome in many areas of analytical chemistry, physiology, pharmaceutical industry, and so on. The design of such molecules constitutes a timely and challenging research topic, and has led to the synthesis of several chromogenic host molecules; also, the colorimetry for chiral recognition has been examined. 7 In this context, it is noteworthy that Kaneda et al. reported that phenolic crown ethers possessing 2,4-dinitroazobenzene units as a chromophore showed an enantioselective change in the absorption spectra up to 11 nm between the enantiomers of the chiral primary guest amines. 8 Also it must be noted that Shinkai et al. has made use of the difference in the wavelength of reflectance induced by the helical pitch of a cholesteric liquid crystal in the presence of chiral ammonium ions. 9 As part of our ongoing program to develop improved optical sensors for biologically and/or chemically important cations and amines, we have synthesized chromogenic receptors based on calixarenes. 10 Calixarenes 11 , which are cyclic phenol-derived macrocycles, are particularly attractive frameworks for the construction of optical sensing systems, because multiple chromophores can be appended onto the basic calixarene platform.
10b,d,e,f,12 This has led us to consider the possibility that such systems could be useful in the construction of sensors that allow for the visual detection of, and enatiometric distinction between, amines and amino acids. Towards this end, based in part on CPK molecular modeling studies, we designed and synthesized the chiral calix[4]crown 1. As detailed below, this system, which contains an optically active 1,1'-binaphthyl unit and two indophenol chromophores, does in fact serve as a visually detectable sensor for certain stereogenic guests. 13 
Experimental

Apparatus
NMR spectra were taken on a Bruker AM 400 or ARX (400 MHz) spectrometer. The chemical shifts (δ) are reported downfield from the internal standard Me 4 Si. For routine 1 H NMR spectroscopy, a Bruker AC 200 (200 MHz) instrument was used. The absorption spectra were taken on a Shimadzu UV-2100 spectrophotometer. Fast atom bombardment (FAB) mass spectra were obtained with a JEOL JMS-DX303 double-focusing spectrometer, m-nitrobenzyl alcohol being used as a matrix. EI-MS measurements were conducted on a Shimadzu QP-1000 spectrometer. Elemental analyses were obtained using an EISON EA1108. The CD spectra were measured with a JASCO J-720 spectrophotometer. Also, HPLC experiments were performed on a JASCO PU-980 intelligent pump equipped with a JASCO UV-970 intelligent UV/Vis detector.
Materials
Optically 
Synthesis of 1,1′-binaphthyl-and bis(indophenol)-derived calix[4]crown (1)
The desired compounds 1 were synthesized from (S)-1,1′-bi-2-naphthol in six steps, as reported in the literature: 14 
Procedure solid(phenylglicine 5)-liquid(receptor 1a, EtOH, 25˚C) two-phase solvent extraction using HPLC
To Erlenmeyer flasks containing 20 mg (0.132 mmol) of (R)-or (S)-5 were added increasing concentrations (0.5 -5.0 mmol dm -3 ) of 1a in ethanol (2 ml). The resulting mixtures were then stirred for 12 h at 25˚C. After filtration in order to remove any excess of 5, the filtrate was evaporated in vacuo. The residue was taken up into CHCl 3 (10 ml) and H 2 O (10 ml); then, phenylglycine in the residue was extracted with water; the procedure was repeated three times and the mechanical shaking time was 10 min (320 times min -1 ). The combined H 2 O extracts were taken to dryness under reduced pressure and then analyzed for 5 by HPLC on a chiral packing column [Daicel CROWN-PACK CR(+)], 0.4 cmφ×15 cm, and (R)-phenylalanine (15 mmol dm -3 ) was used as an internal standard. The performed condition is shown in Fig. 6 .
Results and Discussion
Synthesis and structure
Receptors 1 were synthesized from optically pure (S)-1,1′-bi-2-naphthol via a set of straight-forward steps involving etherification in the presence of a base, tosylation with TsCl, a modified Williamson synthesis with calix [4] arene 15 in the presence of base, and condensation with 4-amino-m-cresol under alkaline conditions in the presence of K 3 [Fe(CN) 6 ]. Proton NMR analyses confirm that both 1a and 1b contained 1,1′-binaphthylas well as the bis(indophenol)-derived calix [4] crown unit. Figure 1 displays Here, a noteworthy finding in the spectrum is that one pair of a double doublet at 2.54 and 3.33 ppm has upfield-shifted by ca. 1 ppm compared to the other. The shift should be explained on the basis of a ring-current effect of the naphthalene ring, suggesting that altering the length of the ether-spacers in 1a allows the position of the binaphthyl unit to be closer to one of two indophenols than the other. This finding could be supported by the chemical shifts of two indophenol-OH protons (δ 7.91 and δ 8.06 ppm) in 1 H NMR spectra. Such a conformation of the binaphthyl unit contributes to the fact that the circumstances of the two indophenols are distinct from each other in the molecule, being the key design criterion incorporated into system 1a, because it, upon chiral substrate binding, would, in turn, lead to distinct effects between the substrate and each indophenol in 1a. This would then, it was thought, translate in to a powerful chromogenic response.
Colorimetry for chiral primary amines
Compound 1a was dissolved in EtOH to give a red solution showing an absorption band at 515.5 nm (ε max 14500 dm 3 mol -1 cm -1 ). (R)-Phenylglycinol, (R)-2, was then added as a putative response-inducing guest to the solution at 25˚C, resulting in an immediate color change to blue-violet, a phenomenon of which was reflected in a spectral shift (23 nm) in the band originally appearing at 515.5 nm and the appearance of a new absorption band at ca. 650 nm (Fig. 2) . Subsequently, absorbance peaks of two new bands at 538 nm (shortwavelength band) and 652.5 nm (long-wavelength band) increased, respectively, during which isosbestic points were observed at 416 and 505 nm. An understanding of the binding profile came from a BenesiHildebrand plot 16 using a mixture of 1a and (R)-2 in EtOH at 25˚C. According to this method, the reciprocal of an increased absorption intensity of 538 nm was plotted against the reciprocal of the guest-concentra-185 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 tion. As a result, a linear relationship was obtained, supporting a 1:1 stoichiometry of the complex. The apparent association constant (K) calculated was 66 ±8.8 dm 3 mol -1 . Quantitative evidence for complexation was given by FAB mass spectrometry 17 (m-nitorobenzyl alcohol matrix), where Xe was used as an atom beam accelerated to 3.0 keV. The detection of the peak m/z 1181 indicated the formation of a 1:1 complex between 1a and (R)-2. No peaks corresponding to 1:2 or 1:3 complexes were, however, detected. Interestingly, when a similar experiment was carried out using the corresponding enantiomer, (S)-2, the color of the solution remained red with almost no detectable change in the spectrum (even in the presence of 10 3 equiv. of the isomer). From these results, a naked-eye distinction between the enantiomers was successfully achieved.
One can easily speculate that the enantioselectivity might result from the host-guest complexation ability. In an effort to understand the substrate-receptor interactions, congener 1b, containing a large binaphthylderived crown ether unit, was studied. When this species was tested as a putative complexing agent for (R)-2, a K value (17±12 dm 3 mol -1 ) was obtained being about a quarter that of 1a+(R)-2 ( Table 1 ). This is taken as an indication that the amine complexation process, in the case of 1a and 1b, takes place in the cavity involving the crown oxygens and the indophenolate. Furthermore, no selectivity for (R) or (S)-phenylethylamine 3 was obtained for 1a, also supporting the argument that the alcohol-OH group of guest 2 participates in chiral recognition as the result of hydrogen bonding involving the indophenolate. Also, entry 4 shows enantiometric discrimination in the case of phenylalaninol 4. Figure 4 suggests a possible structure for the complex of 1a with a chiral amine. Though the number of recognition sites which are necessary for producing chiral recognition is due to the shape of the receptor, three ordinary recognition sites are required in the receptor molecules. 18 In this study, 1a institutes three recognition groups (ethylene oxygens, indophenolate, and binaphthyl group) in order to exhibit enantioselective binding to the chiral amine: the ethylene oxygens and the indophenolate stabilize the host-guest complex as well as restrict the rotation of the guest along the C * -NH 3 + axis by ion-dipole and hydrogenbonding interactions. The third recognition group, the 186 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 binaphthyl group, acts as a minor steric-repulsive site for the (R)-isomer and as a major steric-repulsive site for the (S)-isomer. On the other hand, the amineinduced color change observed with 1a upon the addition of (R)-2 is ascribed to ionization of the indophenol on the one hand (long-wavelength band) and a binaphthyl-induced hydrophobic effect on the other (shortwavelength band); in the latter instance, binding of the amine substrate is thought to alter the position of the binaphthyl unit in a way that is not possible in the case of the corresponding enantiomer, (S)-2, and thus maybe strengthened an intramolecular hydrogen bonding between the indophenol-OH and the adjacent phenolic oxygen in system 1a, bringing about a spectral change of short-wavelength band.
Competition experiment
Having defined the basic features of the binding process, the potential application of 1a as a colorimetric sensor was tested. Towards this end, a competition experiment was carried out; Figure 5 shows the absorption intensity at 538 nm as a function of the added equiv. of the guest ([total amine]/[1a]) at 25˚C. As a result, we recorded the changes in the absorption intensity upon the addition of incremental amounts of (R)-2 to an EtOH solution of 1a in the presence of a 500-fold excess of (S)-2. Most notably, even the addition of a low concentration of (R)-2 under these conditions resulted in a marked increase in the absorption intensity. Based on these findings, we are confident in predicting that receptor 1a could be used to precisely determine varying concentrations of (R)-2, even in the presence of (S)-2.
Colorimetry for phenylglycine
Receptor 1a is not limited in its utility to the simple chiral amine. Indeed, it shows a visual distinction between the enantiomers of amino acid derivatives, such as phenylglycines 5, which is physiologically a more interesting substrate. The typical absorption spectra were recorded after a solid (5)-liquid (2.0×10 -5 mol of 1a in EtOH at 25˚C) two-phase solvent extraction process, the result being shown in Fig. 6 . The addition of (R)-5 caused only a 20 nm shift in the shortwavelength band with increasing absorption intensity; a substantial shift was observed in the visible region (from 500 to 600 nm), reflecting the red-to-reddish-violet color change under these conditions. It is of interest to note that a band at ca. 650 nm corresponding to ionization of the indophenol unit did not appear. This indicates a proton migration from one indophenol of the receptor to guest 5 does not take place through the complexation process. From this finding, it is speculated that 5 binds to the receptor as a zwitterion form. In contract, when (S)-5 was used, almost no discernible change in the absorption spectrum of 1a was observed.
Liquid-solid two-phase extraction
The chirality of phenylglycine 5 is of importance because the derivative involves active penicillins. 19 Receptor 1a might be useful as not only a colorimetric sensor (vide supra), but also as a practical resolving agent for the production of a single isomer. Given that 1a in a protonic organic phase serves to extract enantioselectively the target 5 from the solid, some useful information about the efficacy of the chiral receptor would be obtained. Ethanol solutions of 1a were stirred with an excess of solid 5 for 12 h at 25˚C. The extracted 5 in ethanol, via a work up, was analyzed by HPLC on a chiral packing column and pH 1.5 HClO 4 aq. as an eluent. The typical chromatogram for extracted 5 is shown in Fig. 7 , the peak separation being nearly complete, in which (R)-phenylalanine (15 mmol dm -3 ) was used as an internal standard to measure the amounts of extracted 5 quantitatively. Figure 7 (a) indicates a control, which depicts a small HPLC trace of 5 being attributable to the solubility into ethanol. It is interesting to note that after solvent extraction in the presence of 1a, an enhanced peak signal of (R)-5 was 187 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 obtained. However, the extraction of the (S)-isomer in a similar experiment was almost not influenced by 1a (Figs. 7(c) and (d) ). Information about the stoichiometry and the strength of the binding interaction would be obtained by measuring the amount of (R)-5 extracted as a function of various amounts of 1a in ethanol: a straight line was obtained (Fig. 8) , indicating a preferential 1:1 complex. The binding constant (K) of (R)-5 to 1a could thus be determined by a solubility technique. 20 From the slope and intercept (S o ) of this plot, the standard treatment (Eq. (1)) K = slope / {S o (1 -slope)} (1)
gives a K value of between 1a and (R)-5, which was calculated as 383±15 dm 3 mol -1 after three individual measurements. On the other hand, the K value for 1a+ (S)-5 could not be calculated because of the lack of a linear correlation. The observed enantioselectivity for phenylglycine in the extraction studies accords with the colorimetric chiral recognition phenomena, as shown in Fig. 6 . This work targeted a molecular sensor for chiral recognition whose concept is simple, but often most difficult in practice. In our strategy to obtain such a system, we have proposed a new molecular design, a so-called "dual optical sensory system": the practical system 1a possessing chiral receptor unit based on calixarene and two indophenol-type chromophores amplified the chiral recognition event for some examples of unsymmetrical guest amines to a discernible color change. This shows a new general strategy for a visual distinction between enantiomers. 188 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 
